Pupylation is a posttranslational modification peculiar to actinobacteria wherein proteins are covalently modified with a small protein called the prokaryotic ubiquitin-like protein (Pup). Like ubiquitination in eukaryotes, this phenomenon has been associated with proteasome-mediated protein degradation in mycobacteria. Here, we report studies of pupylation in a streptomycete that is phylogentically related to mycobacteria. We constructed mutants of Streptomyces coelicolor lacking PafA (Pup ligase), the proteasome, and the Pup-proteasome system. We found that these mutants share a high susceptibility to oxidative stress compared to that of the wild-type strain. Remarkably, we found that the pafA null mutant has a sporulation defect not seen in strains lacking the Pup-proteasome system. In proteomics experiments facilitated by an affinity-tagged variant of Pup, we identified 110 pupylated proteins in S. coelicolor strains having and lacking genes encoding the 20S proteasome. Our findings shed new light on this unusual posttranslational modification and its role in Streptomyces physiology.
IMPORTANCE
The presence of 20S proteasomes reminiscent of those in eukaryotes and a functional equivalent of ubiquitin, known as the prokaryotic ubiquitin-like protein (Pup), in actinobacteria have motivated reevaluations of protein homeostasis in prokaryotes. Though the Pup-proteasome system has been studied extensively in mycobacteria, it is much less understood in streptomycetes, members of a large genus of actinobacteria known for highly choreographed life cycles in which phases of morphological differentiation, sporulation, and secondary metabolism are often regulated by protein metabolism. Here, we define constituents of the pupylome in Streptomyces coelicolor for the first time and present new evidence that links pupylation and the oxidative stress response in this bacterium. Surprisingly, we found that the Pup ligase has a Pup-independent role in sporulation. P rotein homeostasis is a tightly regulated and critically important phenomenon in bacterial physiology (1) . It is thought to be particularly complex in actinobacteria, which have both the canonical proteolytic machinery of prokaryotes and 20S proteasomes analogous to those of eukaryotes that are accompanied by a functional equivalent of ubiquitin known as the prokaryotic ubiquitin-like protein (Pup) (2) (3) (4) (5) (6) (7) . Pupylation, the covalent attachment of Pup to proteins, was the first protein-protein modification discovered in prokaryotes. This posttranslational modification has been extensively studied in mycobacteria, wherein its mechanism and physiological role are analogous to those of ubiquitination in eukaryotes (4) (5) (6) (7) . Through related mechanisms, both ubiquitin and Pup are covalently attached to lysine residues of proteins via the ATP-dependent activation of a constituent carboxylate moiety (3) . While ubiquitin is attached via a C-terminal glycine residue (2), Pup is linked via the side chain of a glutamate residue at its carboxy terminus (4) (5) (6) (7) (8) . In mycobacteria, this residue is the product of hydrolytic deamidation of a glutamine side chain which is catalyzed by an enzyme called Dop (deamidase of Pup) (5) (6) (7) (8) (9) (10) (11) . The enzyme that catalyzes the ATP-dependent activation of the deamidated side chain of Pup and its subsequent ligation to lysine residues of selected proteins is called either Pup ligase or PafA (proteasomal accessory factor A) (5, (8) (9) (10) (11) . As is the case for the major physiological role of ubiquitination, experimental evidence acquired in studies of mycobacteria suggests that Pup-tagged proteins are unfolded by the proteasomal ATPase MPa (also known as ARC) and translocated into the barrel-shaped core of the 20S proteasome wherein hydrolytic degradation occurs (4, 12) . Though pupylation has been closely tied to degradation of proteins by the 20S proteasome, it is not yet clear if this phenomenon has other roles, like controlling protein subcellular localizations, associations, and activities, as is the case for ubiquitination.
In Mycobacterium tuberculosis, genes encoding Pup, mediators of pupylation (Dop and PafA), and components of the proteasome are dispensable for viability yet essential for survival under conditions of nitrosative stress (13) (14) (15) . The latter observations have been invoked to explain the capacity of M. tuberculosis to evade the innate immune response and persist in the host (13, 14) . The genetic analyses of the Pup-proteasome system in mycobacteria have been complemented by biochemical analyses wherein pupylated proteins (i.e., the pupylome) have been identified in M. tuberculosis and Mycobacterium smegmatis (16) (17) (18) (19) . In these mycobacterial species, as many as 55 pupylated proteins have been identified in cell lysates. The Pup modification was observed on proteins of nearly all structural and functional classes (16) .
While the relevance of the Pup-proteasome system to the pathogenicity of M. tuberculosis has made it the focus of much attention, we and others (20, 21) have been intrigued by the homologous system in Streptomyces bacteria. These actinobacteria are best known as producers of antibiotics and for their complex life cycle, during which both morphological differentiation and sporulation occur (22) (23) (24) . Because protein metabolism plays key regulatory roles in several aspects of Streptomyces physiology (23), we predicted that the Pup-proteasome system would be a compelling subject for research. For our studies, we chose Streptomyces coelicolor, which is the model organism of the genus. It has genes whose products are homologous to proteins of the Pup-proteasome system in M. tuberculosis (Fig. 1) . The genes encoding the 20S proteasome components (PrcA and PrcB) and Pup are clustered in a genetic locus referred to as the Pup-proteasome system, pps. Though the cognate proteins share at least 60% identity with those in M. tuberculosis, a remarkable and perhaps meaningful difference is that Pup in S. coelicolor has a glutamate residue rather than a glutamine at its carboxy terminus (Fig. 1B) (25) . This substitution obviates the need for the Dop-catalyzed deamidation of Pup (which precedes pupylation in most other bacteria) and thus leaves open questions about the function of the Dop in S. coelicolor. As was the case in M. tuberculosis, it has been reported that the prc genes are not essential for viability (20, 21) . However, proteomic analyses of the S. coelicolor prc null strain revealed a marked overproduction of proteins that mediate stress responses (21) . While the physiological significance of the prc locus has been assessed for S. coelicolor (21) , the genes encoding Pup and the enzymes that catalyze pupylation have not been characterized. To broaden our understanding of the Pup-proteasome system in S. coelicolor, we constructed and characterized S. coelicolor strains lacking genes encoding the 20S proteasome, the Pup-proteasome system, and Pup ligase. In addition to phenotypic analyses of these pupylation-deficient strains, we performed proteomic experiments to identify pupylated proteins in S. coelicolor by expressing a gene encoding an affinity-tagged allele of Pup in both proteasome (prc) null and wild-type strains of S. coelicolor.
MATERIALS AND METHODS
Detailed procedures regarding cloning, strain construction, and the proteomic analyses can be found in the supplemental material.
Strains, media, and culture conditions. Streptomyces coelicolor strains were grown at 30°C on mannitol soy flour medium (SFM), Difco nutrient agar medium, yeast extract-malt extract medium (YEME), or tryptone soya broth (TSB) (26) . SFM was used for conjugations between S. coelicolor and Escherichia coli and for generating spore stocks. E. coli strains DH5␣ and ET12567/pUZ8002 were grown in L broth at 37°C for routine subcloning. For the selection of E. coli, ampicillin, apramycin, chloramphenicol, hygromycin, and kanamycin were employed at 100, 50, 25, 80, and 50 g/ml, respectively. Nalidixic acid was used at 20 g/ml to counterselect E. coli in conjugations with S. coelicolor. Apramycin and hygromycin were used at 50 g/ml for the selection of S. coelicolor exconjugants.
Construction of pps (SCO1643-46), prc (SCO1634-44), and pafA (SCO1640) null mutants. Strains of S. coelicolor M145 in which either the pps locus (SCO1643-46), the prc locus (SCO1643-44), or the pafA gene (SCO1640) was replaced with an apramycin (apr) resistance cassette were constructed via PCR-targeted mutagenesis (27) . Gene replacements were confirmed by genomic DNA isolation and amplification of the region by PCR. Complementation of the pafA null strain was performed in two ways. In one strategy, the null strain was conjugated with derivatives of the integrative plasmid pMS81 harboring the respective genetic loci, including their promoters. In the other strategy, the null strain was conjugated with the integrative plasmid pIJ10257 harboring the genes of interest under the control of the constitutive ermE* promoter.
Scanning electron microscopy. Wild-type, pafA null strains, and pafA overexpression strains of S. coelicolor were grown on SFM for 4 days. Biomass (i.e., spores and aerial hyphae) on the surfaces of the confluent lawns was harvested by adherence to double-sided tape. In turn, the tape was affixed to microscopy stubs for imaging. After desiccation for 48 h in the presence of Drierite, the samples were coated with Au by low-vacuum sputter coating. The samples were then imaged on a Hitachi 2700 scanning electron microscope equipped with a lanthanum hexaboride gun. Images were collected and analyzed with a Quartz PCI digital imaging system. The microscope was set to a band contrast of 8, a working distance of 15 mm, and 8 kV. The images were collected for 80 s with magnifica- tions of ϫ1,500, ϫ6,000, and ϫ15,000 for collection at 20 nm, 5 nm, and 2 nm, respectively.
Oxidative-stress assay. In assessments of the strains' sensitivities to oxidative stress, equal numbers of spores (1 ϫ 10 8 ) of the wild type, the ⌬prc::apr, ⌬pps::apr, and ⌬pafA::apr strains, and the ⌬pafA::apr strain with wild-type pafA (i.e., the complemented null strain) were plated on either SFM or Difco nutrient agar. To the center of each freshly inoculated plate was added a sterilized and dry paper disc (6-mm diameter) that had been submerged in a 40% solution of cumene hydroperoxide in distilled water (dH 2 O). After growth at 30°C for 48 h on Difco nutrient agar or 72 h on SFM, the size of the cleared zone was measured. These experiments were replicated 4 times, and the average sizes of the zones of inhibition are reported.
Construction of His-tagged Pup. To facilitate the isolation and identification of pupylated proteins in cell lysates from the S. coelicolor strains of interest, an affinity-tagged version of Pup was constructed. Using a subcloning strategy described in the supporting material, the wild-type pup gene in the pps locus was replaced with an allele encoding Pup with a hexahistidine affinity tag fused to its N terminus. Using the aforementioned plasmid as the template in a PCR, we amplified a fragment containing the engineered pup gene and the downstream open reading frame (encoding a hypothetical protein, SCO1645) in an effort to generate a plasmid from which the engineered Pup and not the prc genes could be expressed. These strategies were employed to ensure that the engineered pup gene would be transcribed from the native pup promoter. Plasmids harboring either the entire engineered pup gene in its native context within the pps locus (pJS873) or the engineered pup gene alone (pJS875) were cloned into the integrative plasmid pMS81 and introduced into the S. coelicolor pps null strain by conjugation. The former strain was employed for studies of pupylation in a mimic of wild-type S. coelicolor, whereas the latter was used to characterize pupylation in the absence of a functional proteasome.
Isolation of pupylated proteins. S. coelicolor pps null strains harboring either pJS873 (pps locus with an embedded pup allele encoding Histagged Pup) or pJS875 (only pup allele encoding His-tagged Pup) were grown to stationary phase in TSB. Cultures of wild-type S. coelicolor and the pafA null strain (both lacking the His-tagged Pup) were grown in parallel for control experiments. Growth of the cultures was assessed via measurements of dry cell weights at various time points over a period of 36 h after spore germination. In duplicate experiments, mycelia were harvested at single time points in early exponential (14 h post-spore germination), late exponential (18 h post-spore germination), and stationary (24 h post-spore germination) phases by centrifugation at 4,000 rpm for 10 min. (The growth rates were measured by quantification of dry cell weights.) The mycelial pellets were resuspended in 1.4 ml of lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole [pH 8.0]) and 4.5 l of 1:9 benzonase buffer (50 mM Tris-HCl, 20 mM NaCl, 20 mM MgCl 2 [pH 8.0]). For lysis, lysozyme was added to a final concentration of 1 mg/ml. After incubation on ice at 37°C, mycelia were lysed by sonication at 60% power three times at 30-s intervals with 2 min of rest between each sonication. The lysates were clarified at 4°C by centrifugation at 13,000 rpm for 15 min and applied to a Qiagen nickel-nitrilotriacetic acid (Ni-NTA) column under nondenaturing conditions. By following the manufacturer's protocol, the column was washed and the bound proteins were eluted. The eluted proteins were finally digested with trypsin. Lysates from two different cultures were subjected to the affinity purification method. In duplicate experiments, the wild type and the ⌬pafA::apr strains grown to stationary phase were also subjected to identical proteomic analyses without the Ni-NTA chromatography.
Protein identification via MS and bioinformatics. To identify proteins isolated from the lysates via Ni-NTA chromatography, the eluates were digested with trypsin and the resulting peptides were loaded onto a reverse-phase column and separated via an Agilent 1200 high-performance liquid chromatograph (HPLC). The peptides were identified by high-resolution tandem mass spectrometry (MS/MS) analyses using a coupled LTQ Orbitrap Velos mass spectrometer housed at the Brown University Center for Genomics and Proteomics. The mass spectral data were searched using the MASCOT software algorithm against the S. coelicolor protein database. In the bioinformatic identifications of the peptide fragments, trypsin specificity with two missed cleavage sites was allowed and the MS mass tolerance was 7 ppm, while the MS/MS tolerance was 0.5 Da. A total of 857 proteins were identified among all the biological samples. Using the target decoy method, the false-discovery rates were calculated for each sample. For 9 of the 12 samples, they ranged between 0 and 6%. The remaining samples had false-discovery rates of 8.3, 11.5, and 12.5%. Nevertheless, the iterative nature of data analysis required for identification of pupylated proteins negated the significance of the falsediscovery rates. Specifically, our criterion for the assignment of any of the 857 proteins as a pupylation target was the identification of a constituent peptide having a lysine reside and a 243-Da mass difference due to the presence of a characteristic tryptic fragment of Pup. This Gly-Gly-Glu (GGE) fragment corresponds to the last three residues at the C terminus of Pup and is linked to lysine residues via an isopeptide linkage (Fig. 1C) . Identifications were contingent on at least one unique peptide spectrum match (PSM) in the molecular weight search (MOWSE) with a protein score cutoff of 1.
RESULTS AND DISCUSSION
Phenotypic analyses of S. coelicolor pps, prc, and pafA null mutants. To visually assess the significance of pupylation and proteasome-mediated degradation in morphological differentiation and secondary metabolism, the prc (⌬prc::apr), pafA (⌬pafA::apr), and pps (⌬pps:apr) null strains were grown on both soya flour media (SFM) and Difco nutrient agar (26) . The former is a minimal medium optimized for spore formation in S. coelicolor, while the latter is a nutrient-rich medium that promotes fast growth without sporulation (26) . The production of the pigmented secondary metabolites by S. coelicolor can be easily visualized on both media (26) . The prc and the pps null strains were virtually indistinguishable from the wild-type strain on both SFM and Difco nutrient agar (see the supplemental material). These observations indicate that pupylation and proteasome-mediated degradation of proteins are dispensable for secondary metabolism and sporulation in S. coelicolor. In stark contrast, we found that the pafA null strain exhibited defects in both secondary metabolism and morphological differentiation. On both SFM and Difco nutrient agar, the pafA null strain overproduced the blue secondary metabolite actinorhodin (see Fig. S1 in the supplemental material). Another phenotype of the pafA null strain was that its confluent lawns lacked the gray sporulation pigment after 4 days of growth on SFM, whereas lawns of the wild-type strain were completely gray at the same time point. Curiously, we found that the pafA null strain's sporulation defect was apparent only when the spores were plated at low densities (Ͻ10 5 CFU of spores spread over 25 ml of SFM in a 100-mm diameter petri dish). To determine if the absence of the gray spore pigment reflected a metabolic defect or an aberration in sporulation, we analyzed the surfaces of confluent lawns of the pafA null strain by scanning electron microscopy and observed elongated and nonsegmented hyphae with very few spores ( Fig. 2 ; see also Fig. S7 to S9 in the supplemental material). Conversely, electron micrographs of the gray, confluent lawns of the wild-type strain featured spores of uniform shape and size ( Fig. 2 ; see also Fig. S10 to S12) . The apparent sporulation defect of the pafA null strain was corroborated by our findings that confluent lawns of the pafA mutant yielded a tenth the number of spores typically recovered from those of wild-type S. coelicolor. Interestingly, a peculiarity of the spores from the pafA null strain was that their viability was significantly compromised by brief exposure to heat (see Fig. S2 ). Importantly, the pafA null strain's defects in antibiotic production and sporulation could be suppressed completely by provision of plasmids harboring the wild-type pafA gene under the control of either its own promoter or the constitutive ermE* promoter (see Fig. S1 and S13 to S15).
Our finding that the pafA null strain had defects in secondary metabolism and sporulation that were not exhibited by either the prc or pps null strains suggested that PafA may have physiological roles either in addition to or instead of its predicted role in proteasome-mediated protein degradation. To substantiate the predicted functional relationship between the pafA and the prc genes, we performed experiments that would reveal whether or not the cognate null strains shared phenotypes. Specifically, we assessed the sensitivities of the prc, pps, and pafA null strains to oxidative stress (i.e., exposure to cumene hydroperoxide). These experiments were selected because the 20S proteasome is reported to play an important role in the oxidative stress response (21) . Indeed, the prc null strain is hypersensitive to cumene hydroperoxide (21) . As is consistent with the prediction that the pafA, pps, and prc genes have related physiological roles, we found that the strains lacking these genes are equally more sensitive to cumene hydroperoxide than the wild-type strain ( Fig. 3 ; see also Fig. S3 in the supplemental material). The oxidant hypersusceptibilities of the pafA null strains was suppressed completely by provision of a plasmid harboring the wild-type pafA gene under the control of its native promoter ( Fig. 3; see also Fig. S4 ). While the pafA and pps null strains' shared susceptibility to oxidative stress functionally links the corresponding genes, the pafA null mutant's defect in sporulation suggests the intriguing possibility that PafA has a role beyond pupylation.
Identification of S. coelicolor pupylated proteins. In analogy to published approaches used to characterize the pupylomes of M. smegmatis and M. tuberculosis (17) (18) (19) 22) , we engineered a gene encoding a variant of S. coelicolor Pup with an N-terminal hexahistidine tag that when expressed in S. coelicolor strains of interest would enable pupylated proteins to be captured from lysates via Ni affinity chromatography for easy identification via proteomic methods. Further, we designed our experiments to limit artifacts that could complicate the interpretation of proteomic data. First, to promote native pupylations, we expressed the gene encoding the affinity-tagged Pup from its native promoter rather than one used for ectopic expression. Second, to ensure homogeneity of pupylation, we expressed the engineered pup gene only in strains in which the native pup gene had been deleted. With these considerations, a plasmid harboring only the engineered pup gene was introduced into the pps null mutant (having the intact pafA gene) to yield a strain that could pupylate proteins but lacked the capacity to degrade them. Likewise, a plasmid harboring the engineered pup gene within the pps locus was introduced into the pps null mutant (having the intact pafA gene) to generate a strain that could pupylate and degrade proteins in a fashion analogous to the wild-type strain. As an indication of the functionality of the engineered Pup, we found that the latter strain did not exhibit the cumene hydroperoxide hypersusceptibility of the parent pps null strain (see Fig. S4 in the supplemental material) .
The two aforementioned S. coelicolor strains were used in ex- periments to assess pupylation within the proteome. They were grown in duplicate in tryptone soya broth, and the mycelia were harvested by centrifugation at single time points during early exponential, late exponential, and stationary phases of growth. Lysates of the mycelia were applied to an Ni-NTA column to capture proteins that had been posttranslationally modified with the affinity-tagged Pup. Through sequential tryptic digests and peptide mass fingerprinting of the eluted proteins, we identified peptides derived from 857 different proteins, of which 110 were pupylated (see the supplemental material). Our definition of a protein as a pupylation target was contingent on the observation of a constituent peptide having both a lysine residue and a 243-Da mass shift attributed to the GGE tripeptide remnant of the trypsin-catalyzed cleavage of Pup (Fig. 1C) . A complete list of pupylated proteins identified in the experiments is presented in Fig. 4 . Control experiments were performed in the same fashion with stationary-phase cultures of wild-type and pafA null strains lacking the engineered pup gene (see the supplemental material). From the wild-type strain, we identified 22 pupylated proteins, 19 of which were also isolated from the strains harboring the engineered Pup. As expected, we identified no pupylated proteins in lysates from the strain lacking Pup ligase. Notably, we identified twice the greatest number of pupylated proteins that have been reported for any actinobacterium (i.e., M. tuberculosis) (16) . This observation could reflect the fact that the genome of S. coelicolor is nearly twice the size of those of M. tuberculosis and M. smegmatis. An inherent challenge in the identification of all pupylated proteins in S. coelicolor or any other actinobacterium is that pupylation is a reversible phenomenon (28) . This consideration led us to carry out the proteomic analyses on lysates from mycelia in different phases of growth. In lysates of mycelia in the early exponential phase, we identified 41 and 27 pupylated proteins from the strains with and without a functional proteasome, respectively. Ten of the proteins were common to both strains at this time point. Fewer pupylated proteins were recovered and identified in lysates from mycelia in the late exponential phase of growth. Indeed, 23 were recovered from the strain with a functional proteasome and 21 from the strain without. Only 3 proteins were in common between these two strains. In lysates of mycelia in stationary phase, 29 proteins were identified in the strain with a functional proteasome and 17 in the strain without. Six proteins were observed in lysates from the two strains harvested in stationary phase. Collectively, 19 of the 110 pupylated proteins were found in strains having and lacking a functional proteasome; 16 of these shared proteins were isolated at the same time point(s) in both strains (Fig. 4) . While our findings of some proteins in strains with and without a functional proteasome could imply that proteins are pupylated and not degraded, our inability to quantify protein abundance precludes our capacity to support or refute this conjecture. Though the reversibility of pupylation complicates comprehensive definition of the total pupylome in S. coelicolor, our reliance on lysine residues and a 243-Da mass shift gives us a high degree of confidence in the identities of the pupylated proteins.
In an effort to correlate pupylation with the bacterium's physiology, we examined the predicted functions of the pupylated proteins. We found that the pupylated proteins varied significantly with respect to physiological function and subcellular localization. Based on the annotated functions, we estimate that 50% of the proteins are involved with intermediary metabolism, 14% have roles in nucleic acid metabolism, 16% underlie protein metabolism, 18% have predicted functions in regulation, and 5% are putative mediators of stress responses and toxin resistance. With respect to subcellular localization, we estimate that 8 of the 110 proteins are likely to be localized to the cell wall. Collectively, these statistics are largely consistent with those reported for mycobacteria (16) (17) (18) (19) .
Conclusion. As in the studies of pupylation in mycobacteria (16) (17) (18) (19) , we found a large and functionally diverse set of pupylated proteins in S. coelicolor. Likewise, we found it difficult to assess the functional significance of this posttranslational modification in S. coelicolor. Pupylation could be a response to stochastic damage of proteins by oxidants and/or other forces. Alternatively, the capture of proteins in the strain harboring a functional proteasome could represent a snapshot of progressing degradation and/or situations wherein pupylation affects protein activity or localization rather than half-life. In any case, the findings reported herein are new insights into protein homeostasis in Streptomyces bacteria. Indeed, we uncovered evidence indicating that pupylation is a posttranslational modification in Streptomyces bacteria. Further, our finding that disruptions of genes encoding Pup ligase (pafA) and the Pup-proteasome render S. coelicolor highly sensitive to cumene hydroperoxide strongly suggests that pupylation is important for the oxidative stress response. More surprisingly, our observations that the pafA null strain has defects in both sporulation and secondary metabolism, whereas the pps and prc null strains do not, indicate that PafA may have an activity other than pupylation in Streptomyces bacteria. Collectively, these studies provide new perspectives on posttranslational modifications, stress responses, and sporulation in S. coelicolor, which are likely to translate to other sporogenic actinobacteria.
Although our study has shed light on the basic aspects of the Pup-proteasome system, numerous questions remain. For example, how does Pup ligase recognize and posttranslationally modify such a diverse set of proteins with Pup? In eukaryotes, multiple ubiquitin ligases are required to effect ubiquitination of proteome constituents. Further, are there additional signals beyond Pup that are required to target proteins for proteolysis? In addition, does pupylation, like ubiquitylation, influence the subcellular localizations, associations, and/or activities of proteins? Efforts to answer these questions are under way in these laboratories.
